The most simple membrane protein insertion catalyst known so far is the universal YidC/Oxa/Alb insertase that is composed of a single multi-spanning protein present in archaea, bacteria and in eukaryotic organelles. In bacteria, YidC is known to integrate small membrane proteins on its own and more complex proteins in conjunction with the SecYEG translocase. In mitochondria, the YidC homologue Oxa is responsible for the insertion of all membrane proteins synthesized in the matrix since no Sec homologues are present in the mitochondrial inner membrane. This is tantamount to the observation that YidC is able to operate also independently of SecYEG in bacteria. Reconstituted into liposomes, YidC rapidly and efficiently binds to substrate proteins and leads to their integration into the bilayer. Additionally, single molecule force spectroscopy experiments show that YidC binds to unfolded membrane proteins and promotes their folding into the membrane bilayer. To achieve membrane insertion and the correct folding, the periplasmic regions of the substrate have to cross the membrane with the help of YidC by a mechanism that is presently explored.
INTRODUCTION
The membrane insertases of the YidC/Oxa/Alb family are present in all the kingdoms of life. Members thereof were recently found in archaea (Borowska et al. 2015; Kuhn and Kiefer 2017) and also as the Get1 protein in the endoplasmic reticulum (ER) of eukaryotic cells (Anghel et al. 2017) . In the ER, Get1/2 has been shown to insert tail-anchored proteins (Zalisko et al. 2017) . Common structural features of all the family members of these insertase proteins are (i) a characteristic 5 helix-bundle fold in the membrane and (ii) a coiled-coil domain in the cytoplasm. Some of the family members even can replace YidC in Escherichia coli and restore the growth of YidCdepleted strains van Bloois et al. 2007; Benz et al. 2009 ). In mitochondria, Oxa1 is required for the membrane insertion and assembly of respiratory cytochrome oxidase complexes and of the F1Fo ATP synthase complex (Altamura et al. 1996) . Oxa2 is also involved in the assembly of the cytochrome oxidase complex but has a shorter C-terminal domain and is therefore unable to bind to the mitochondrial ribosome (Funes et al. 2004) . Alb3 in the thylakoid membranes of chloroplasts is required for the insertion of the light-harvesting chlorophyllbinding proteins (LHCP) (Bellafiore et al. 2002) , whereas Alb4 was shown to be important for the assembly of the thylakoidal F1Fo ATP synthase complex in Arabidopsis thaliana (Benz et al. 2009 ).
The membrane insertion of several E. coli proteins was shown to depend only on YidC and to translocate independently of the Sec translocon. First, the small phage-encoded proteins M13 procoat and Pf3 coat (Samuelson et al. 2000; Chen et al. 2002) were found to belong to this group of YidC-only substrate proteins, subsequently the subunit C protein of the F1Fo synthase (van der Laan 2004), the mechanosensor protein MscL (Facey et al. 2007 ) and the C-tail anchored protein TssL (Aschtgen et al. 2012) were added. Numerous membrane proteins need the Sec translocon together with YidC (Celebi et al. 2006; Zhu et al. 2013; Nagamori et al. 2004) . 
Structure and function of YidC from Escherichia coli
In the inner membrane of E. coli, YidC is a six-spanning membrane protein with a large periplasmic domain P1 in its N-terminal half. Whereas many homologues of YidC lack this domain, particularly the variants found in Gram-positive bacteria and in the organelles, the family members of Gram-negative bacteria consistently contain the P1 domain. This periplasmic domain resembles a β-folded sandwich that can bind glycols (Ravaud et al. 2008) and is involved in the interaction with SecF (Xie et al. 2006) . Nevertheless in E. coli, most of this domain can be deleted without leading to a defect (Jiang et al. 2003) . The membrane-spanning 5 helix-bundle is the most conserved part among YidC and the related members of this family (Kuhn et al. 2003) . To test the function of the 5 helix-bundle of the related members in E. coli, several hybrid proteins have been constructed where this part is replaced by the homologous sequences van Bloois et al. 2007; Xin et al. 2018) . In E. coli, the 5 helix-bundle of YidC forms a hydrophilic groove in the membrane that is open from the cytoplasmic side and closed to the periplasm ( Fig. 1 ; Kumazaki et al. 2014b) . It is assumed that the groove transiently harbors hydrophilic protein domains of substrates that are translocating to the periplasm. On its own, YidC is limited to the translocation of only small periplasmic regions. Possibly, this is also a consequence of the limited space within the hydrophilic groove.
All family members have a characteristic cytoplasmic coiled-coil domain as C1 loop (Fig. 1A) . Several studies have documented that this domain is essential for YidC function. However, its actual role is unknown so far. Recent cross-linking experiments have shown that this domain contacts SRP, the SRP receptor, SecY and weakly SecE and SecG (Petriman et al. 2018) . A dynamic conformational change was proposed for the orientation of this domain based on the structural differences obtained by cryo-electron microscopy and X-ray .
The hydrophobic slide of TM3 and TM5
Early after their synthesis, the prospective membrane-spanning sequence of the substrate protein interacts with YidC and specifically contacts the transmembrane segments 3 and 5 (TM3 and TM5). The two alpha helices TM3 and TM5 of YidC form a 6 A wide transmembrane gap that might clamp an incoming protein chain between them (Fig. 2) . The residues of TM3 and TM5 involved in this interaction have hydrophobic side chains, suggesting a hydrophobic sliding mechanism for the incoming protein chain. Using radiolabeled pulse experiments as short as 1 min, it was possible to observe the early contacts between the Pf3 coat protein and YidC in vivo (Klenner et al. 2008; Klenner and Kuhn 2012) . Similar contact sites of TM3 and TM5 were found for other substrate proteins like FtsQ and MscL (Yu et al. 2008; Neugebauer et al. 2012) .
In vitro, with purified YidC that was reconstituted into pure lipid vesicles, membrane insertion experiments were successful and a YidC-dependent catalytic insertion of the purified Pf3 substrate protein by YidC could be documented (Serek et al. 2004) . Also, with fluorescently labeled proteins the membrane insertion was very efficient in such an in vitro system (Ernst et al. 2011) . Based on these results, a single molecule set-up was established, where YidC-mediated membrane insertion of fluorescently labeled substrate proteins could be observed in a small water droplet (50 μL), as the proteoliposomes were diffusing through a confocal volume of about 10 fL (Fig. 3) . The diffusion time of the proteoliposomes through the confocal volume was about 50 msec and binding events occurring between a substrate and a YidC-containing proteoliposome could be observed in this time span. The single-molecule system was used to determine the insertion kinetics of the Pf3 coat protein by the changing fluorescence resonance energy transfer (FRET) (Winterfeld et al. 2013) . From this experiment the binding to YidC, the membrane translocation of the periplasmic substrate region and the release Figure 3 . Setup of the FCS experiments for observing the membrane insertion of single proteins. For fluorescence correlation spectroscopy, a water droplet containing YidC proteoliposomes is placed onto a cover slip to detect a confocal volume (green). The diffusion time of the proteoliposomes through the confocal volume is about 50 msec. When purified and fluorescently-labeled Pf3 coat protein is added to the droplet containing the proteoliposomes, its interaction with YidC can be observed by FRET. 
Translocation of the hydrophilic domain of the substrate
An open question is how the hydrophilic substrate regions are transferred to the periplasm. It has been proposed that the conserved positively charged arginyl residue in the center of the YidC hydrophilic groove plays an essential role (Kumazaki et al. 2014a) . It was shown by a photo-crosslinking experiment that interior residues in the groove of the YidC insertase contact the coexpressed MifM substrate protein. However, for E. coli YidC, the arginyl residue was shown to play a minor and non-essential role and can be converted into an alanine residue without any serious effect on the functionality of YidC (Chen et al. 2014) . Nevertheless, the hydrophilic groove probably functions as an important component for the mechanism of YidC translocating periplasmic domains of the substrate. Possibly, it resembles a kind of 'membrane midstation' for the translocation of periplasmic protein regions of substrates as they have entered the membrane half-way (Fig. 4) . Since the groove of YidC is hydrophilic, these regions can simply diffuse into it. The question then arises how these regions are transferred from the groove to the periplasm. The presently known structure of YidC shows a stable and dense closure at the periplasmic leaflet. Is it possible that dynamic conformational changes could trigger the transfer of a protein chain from the groove to the periplasm?
Conformational changes within YidC have been described employing time-resolved fluorescence anisotropy experiments of the intrinsic tryptophan residues (Imhof, Kuhn and Gerken 2011) . After the addition of the Pf3 coat protein, major protein backbone movements in YidC were observed for W508 in the P3 region connecting TM5 and TM6. Intriguingly, with ribosome nascent chains of substrate proteins (RNC), it has been observed that after their binding to YidC, TM2 and TM3 were tilted and the external helix EH1 was relocated (Kedrov et al. 2016 ). It will be interesting to follow the exact conformational changes within YidC during the translocation process in future experiments.
Another important issue of the translocation barrier is the actual hydrophobic distance between the hydrophilic groove to the periplasm, which is difficult to cross for a hydrophilic protein domain. Alkylation scanning with single cysteine mutants suggested that YidC promotes a thinning of the bilayer (Chen et al. 2017). Corroborated by molecular dynamic simulation, the bilayer thickness around YidC was narrowed from 3.3 nm to about 2.8 nm (Fig. 5) . Therefore, this might also reduce the distance for a protein domain resting in the hydrophilic groove to reach the periplasm.
YidC substrate specifications
The size and hydrophilicity of substrate protein regions to be translocated by YidC alone are limited. An extension of the periplasmic region of the M13 procoat protein substrate changed the insertion mode to the SecYEG translocation pathway (Kuhn 1988) . Also, placing additional charged residues into this region made the insertion of the M13 protein dependent on SecYEG and on SecA (Kuhn, Zhu and Dalbey 1990) . Later, it was shown that these mutants still require the YidC protein, suggesting a cooperative mechanism between SecY and YidC (Samuelson et al. 2001 ). How such a cooperative mechanism may work is presently unknown. Possibly, SecYEG and YidC form a joint complex in the membrane, and the lateral gate of SecY joins the hydrophobic slide of YidC. The translocating hydrophilic regions of the substrate could pass from the hydrophilic groove of YidC to the channel of SecY and this then could allow larger regions to become translocated. Crosslinking experiments had shown that the inserting membrane protein FtsQ contacts both SecY and YidC (van der Laan et al. 2001) .
A detailed study with the model protein M13PC-Lep showed that there is a thermodynamic link between the energetic cost transferring the hydrophilic region across the hydrophobic membrane to the periplasm and an energetic gain by inserting a hydrophobic TM region into the lipid bilayer membrane ). The conclusion of these experiments is that when the net energetic costs exceed a certain level, YidC cannot Figure 6 . Pull-and-paste of lactose permease (LacY). SMFS was used to pull with a cantilever at the C-terminus of LacY (red) until the entire protein is pulled out of the membrane (steps 1-3 ). The protein chain is then transferred to another membrane containing YidC (green) for refolding (step 4 and 5). Adapted from Serdiuk, Mari and Müller, 2017 with permission. Copyright (2017) American Chemical Society. insert these proteins on its own and Sec translocase comes into play. One can speculate that in these cases the substrate might be locked in the groove of YidC and can only be released after an interaction with SecYEG and is then competent for translocation.
YidC-Sec interaction
The interaction between the Sec translocon and YidC was first observed by an accidental copurification (Scotti et al. 2000) . Later, it was shown that SecDFYajC forms a heterotetrameric complex with YidC (Nouwen and Driessen 2002) , and, in particular, a small helix in the P1 domain binds to SecF (Xie et al. 2006) . However, a deletion of this region in the P1 domain did not affect the membrane insertion of proteins that are YidCand Sec-dependent. Therefore, additional YidC-Sec interactions might exist and are required for the Sec/YidC-dependent proteins. Direct interactions between YidC and SecY have been observed in photo-crosslinking studies (Sachelaru et al. 2013) . The main interactions were observed at TM2b, TM3, TM7 and TM8 of SecY, where the photo-crosslinker was placed. All these labeled residues are located at the lateral gate of the Sec translocon. In addition, TM1 of YidC has been detected as a major contact site to SecYEG, and it has been speculated that TM1 enters the interior of the SecY channel (Petriman et al. 2018) .
It is generally believed that the interaction between YidC and the SecYEG translocon is weak and very dynamic. When YidC and all components were expressed from one plasmid, the so called 'holotranslocon' SecYEGDFYajCYidC complex could be purified (Botte et al. 2016) . However, it is an open question how abundant such a holotranslocon is under normal growth conditions. Conflicting data exist on the relative cellular amounts of YidC and the components of the Sec translocon Komar et al. 2016) . Remarkably, the cross-linking experiments between YidC and Sec were only successful when both proteins were overexpressed which argues for a transient and weak interaction (Petriman et al. 2018 ).
YidC-SRP interaction
Some of the YidC-dependent substrates are cotranslationally targeted to the membrane by the well-known signal recognition particle (SRP) pathway. Consequently, SRP and the SRP receptor protein FtsY were found to interact with YidC, particularly with the C1 loop connecting TM2 and TM3 of YidC (Petriman et al. 2018) . After targeting, the nascent protein ribosome complex (RNC) binds to YidC with its C-terminal region contacting the ribosomal proteins L23 and L24 (Seitl et al. 2014) . The nascent protein chain strongly interacts with YidC as shown in vitro with purified ribosomes connected to YidC in nanodiscs (Kedrov et al. 2016) . Cryo-electron microscopy showed that in these complexes the nascent chain had entered YidC between TM3 and TM5.
The oligomeric state of YidC was studied by blue native gel electrophoresis and mainly YidC dimers were found (Boy and Koch 2009 ). To explore whether dimerization is functionally required two YidC protein moieties were artificially linked together head to tail (Spann et al. 2018) . If one of the protomers was inactivated by a mutation, the dimeric YidC was still functional because of the presence of a second functional protomer. In addition, the artificial dimeric YidC fusion protein was shown to bind two substrate molecules with each protomer binding one substrate molecule.
CONCLUSIONS
The structural basis of the YidC insertase and the Sec translocase is fundamentally different: whereas the Sec translocase shows a hydrophilic transmembrane pore with a central restriction ring, YidC has a hydrophilic groove that spans the inner leaflet of the membrane and is closed to the periplasmic leaflet. This reduces the hydrophobicity of the membrane to the outer leaflet of the bilayer. In conclusion, this then results in principally different mechanisms of a substrate that traverses the membrane by YidC or by SecYEG. Whereas for the Sec translocase, a protein chain is linearly funneled through the pore and the restriction ring, YidC initially binds a hydrophilic protein domain transiently in its groove and in a second step this domain is translocated to the periplasm.
An interesting question is how YidC recognizes and binds a substrate. A novel approach to investigate this is to unfold a substrate protein by physical stretching in a single molecule force spectroscope (SMFS) and subsequently let it bind again to reconstituted YidC proteolipid bilayers (Serdiuk et al. 2016; Serdiuk, Mari and Müller 2017) . Lactose permease (LacY) was purified and reconstituted into proteoliposomes that were then spread onto mica. The C-terminus of LacY was tethered to a cantilever tip and, by the applied tensile force, the entire LacY protein was completely pulled out of the membrane (Fig. 6, steps 1-3) . The LacY protein chain was then transferred to another proteoliposome layer that only contained YidC (step 4). There, the LacY protein bound and folded into the membrane with the same characteristics as the native LacY (step 5). When the extended LacY chain was transferred to empty liposomes lacking YidC no binding and no folding occurred. Interestingly, the LacY protein chain started its interaction with YidC not strictly at its Nterminus but at different positions of the stretched protein chain (Serdiuk, Mari and Müller 2017) .
